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1. Introduction

Power conversion efficiencies (PCEs) of 
solution-processed polymer organic pho-
tovoltaics (P-OPVs) have steadily improved 
due to the progressive developments in 
molecular design[1–7] and device optimi-
zation with novel device structures and 
carefully control of the active layer mor-
phology.[8–12] PCEs exceeding 10% have 
recently been achieved.[8,13–17] Concur-
rently, small molecule-based OPVs (SM-
OPVs)[18–23] have also moved forward with 
PCEs on par with their P-OPV counter-
parts.[24–28] Compared to P-OPVs, SM-
OPVs possess some distinct advantages of 
having well-defined molecular structures, 
intrinsic monodispersity, high purity, 
more easily controlled energy levels, less 
batch to batch variation, etc.[24,29–37] From 
the extensive morphology[38–44] and the 
excited state dynamics[45–50] studies per-
formed, it was established that the active 
layer morphology in OPVs has a profound 
influence on the photophysical processes 

Morphology plays a vital role on the performance of organic photovoltaics. 
However, our understanding of the morphology-performance relationships 
for organic photovoltaics remains lacking. Specifically, it is still an open ques-
tion why some bulk-heterojunction blends exhibit electric field dependent J–V 
curves, while others do not. Through detailed fs-μs transient absorption spec-
troscopy and morphology studies on the representative bulk-heterojunction 
type small molecule (SM) donor system, a picture of different J–V behaviors 
from morphology aspects and excited dynamics is revealed. Our findings 
reveal that amorphous morphology in the lack of percolated pathways leads 
to the formation of strongly bound charge transfer states (CTSs), which 
accounts for about one third of the photoexcited species. Therefore, field-
dependent J–V curves are obtained as these CTSs mainly undergo geminate 
recombination or function as interfacial traps for nongeminate recombina-
tion. On the other hand, the CTSs are totally suppressed after post-treatment 
owning to the formation of bicontinuous morphology, which results in very 
high efficiencies from exciton generation, diffusion, dissociation to charge 
extraction, thus contributes to field-independent J–V characteristics. The 
insights gained in this work provide the effective guidelines to further opti-
mize the performance of bulk-heterojunction type SM-organic photovoltaics 
through judicious morphology control and engineering.
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of exciton (EX) generation, diffusion, dissociation, charge trans-
port, collection processes, and consequently the device perfor-
mance.[51–57] Despite the tremendous progresses have been  
made on elucidating the photophysical process and device 
performance, there are still gaps in our understanding of the 
structure-performance relationship between the active layer 
morphology, excited state dynamics and device performance 
for OPVs. Specifically, it is still puzzling from morphology 
considerations why some bulk heterojunction (BHJ) blends 
exhibit electric field dependent J–V curves, while others do not. 
The origin of different J–V behaviors is still an open question, 
which involves a complex interplay of the factors of electric field 
dependent charge generation, extraction, and the active layer 
morphology.[57,58] One possible approach to decouple the sensi-
tive morphology influence is to utilize small molecule donors 
with well-defined molecular structures.

Herein, we present a systematic study on one of 
the representative BHJ type small molecule donor sys-
tems DRCN5T (2,2′-((5Z,5′Z)-5,5′-((3,3′″,3″″,4′-tetraoctyl-
[2,2 ′ :5 ′ ,2″ :5″ ,2 ′″ :5 ′″ ,2″″-quinquethiophene]-5,5″″-diyl)-
bis(methanylylidene))bis(3-ethyl-4-oxothiazolidine-5,2-di-
ylidene))dimalononitrile, the chemical structure is shown in 
Scheme 1):PC71BM ([6,6]-phenyl-C71-butyric acid methyl ester) 
bulk heterojunction system using fs-μs transient absorption 
(TA) spectroscopy correlated with morphologies, photophysical 
processes, and device performance. We are seeking to establish 
the clear relationships between active layer morphology, excited 
state dynamics, and device performance in SM-OPVs to guide 
the morphology control and device optimization toward the goal 
of the final commercialization. A large population of strongly 
bound charge transfer states (CTSs) were formed in the amor-
phous BHJ blend that does not contribute to the photocurrent. 
These states then mainly undergo geminate recombination 
within several nanoseconds or function as interfacial traps 
that accelerate the nongeminate recombination of charge car-
riers. As these CTSs could only be dissociated and extracted by 
applying very large reverse voltages,[24,57–59] field-dependent J–V 

curves were thus obtained from this amorphous morphology. 
In contrast, the strongly bounded CTSs were almost totally 
absent in the post-treated samples owing to the formation 
of the crystallized fibrillar morphology. This bicontinuous 
donor:acceptor network acts as “highways” for the excitons (EX) 
efficiently diffuse to the interfaces for dissociation, and then the 
separated charges were transported and extracted by the built-in 
potential with nearly 100% yields. The ratio between the CTSs 
and polaron populations are 1:2.1 and 1:4.5 for the as-cast and 
post-treated films, respectively, which verifies that the exciton 
dissociation efficiency increases significantly from ≈68% for the 
as-cast film to ≈82% after post-treatment.

2. Results and Discussion

2.1. Morphology Analysis

For DRCN5T:PC71BM-based OPV devices, field dependent 
J–V curve with PCE of 3.31% in the as-cast state and field 
independent J–V curve with PCE of 10.08% was obtained 
after combining post-thermal annealing and solvent vapor 
annealing (Figure S1, Supporting Information). To under-
stand the origin of the sharp differences of the device perfor-
mance before and after post-treatment, the morphology of the 
active layers was first investigated by transmission electron 
microscopy (TEM), bright-field (BF), and dark-field (DF) scan-
ning transmission electron microscopy (STEM). Figure 1a,b 
shows the TEM bright-field images of DRCN5T:PC71BM 
blend films before and after post-treatment, and the mor-
phology of the blend films without or with post-treatment is 
totally different. In the as-cast DRCN5T:PC71BM blend film, 
the PC71BM clusters are well dispersed in the amorphous 
DRCN5T matrix and very small grains of DRCN5T or PC71BM 
are finely mixed together. This amorphous donor and aggre-
gated acceptor type morphology is further confirmed by the 
BF- and DF-STEM measurements (Figure 1c,e), respectively. 
Such amorphous morphology at the nanoscales lacks in per-
colated pathways to the electrodes and thus facilitates the 
formation of strongly bounded CTSs. On the other hand, a 
much clearer nanoscale phase separation and bicontinuous 
network with the “fibrillar”-like morphology (the fiber width 
at approximately 18 ± 2 nm) was observed over the entire 
area for the DRCN5T:PC71BM blend film after post-treatment 
(Figure 1b). The BF- and DF-STEM images for the post-
treated blend film are shown in Figure 1d,f, the clearly bicon-
tinuous donor networks combined with stronger fullerene 
domains are observed. From the above TEM, BF- and DF-
STEM results, it is concluded that amorphous donor matrix 
with well dispersed fullerene clusters dominates in the as-cast 
DRCN5T:PC71BM blends, which evolves into bicontinuous 
network with crystallized fibrillar morphology after post-treat-
ment. Such networks could act as “highways” for the efficient 
exciton diffusion and charge extraction, thus would contribute 
to the enhanced device performance. This crystalized fibrillar 
morphology after post-treatment was further verified by the 
topographic images (Figure 1g,h) and phase-contrast images 
(Figure S2, Supporting Information) using atomic force 
microscopy (AFM).
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Scheme 1. The chemical structure of the DRCN5T and PC71BM.
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2.2. Grazing Incidence Wide-Angle X-Ray Scattering (GIWAXS) 
and Grazing Incidence Small-Angle X-Ray Scattering (GISAXS)

The crystallinity of the DRCN5T domains and the size 
of PC71BM clusters in the as-cast and post-treated films 
were further investigated by the GIWAXS. As shown in 
Figure S3 (Supporting Information), a strong (100) scattering 
peak was observed in the pristine DRCN5T film (q = 0.34 Å−1, 
d100 = 18.48 Å), while the scattering intensity of this peak was 
significantly enhanced after post-treatment. The crystal domain 
size along the (100) direction also increases from 19.80 nm in 
the as-cast DRCN5T film to 26.19 nm after post-treatment. This 
indicates the crystallinity of the DRCN5T molecules is further 
enhanced after post-treatment, consistent with the enhance-
ment and redshift of the UV–vis absorption spectra as discussed 
below. On the contrary, the (100) peak is totally diminished 
after blending with PC71BM (as shown in Figure 2a,c), further  
confirming that the crystalized DRCN5T domains are com-
pletely disrupted by fullerene acceptors. After further post-treat-
ment of the blend film, the (100) peak is reproduced and well 
oriented particularly at qz = 0.34 Å−1 in the vertical direction 
along qz (scattering wavevector component along the film sur-
face normal). The corresponding crystal domain size along this 
(100) direction is estimated to be 19.01 nm, which is also con-
sistent with the morphology results from TEM and STEM as 
discussed above. The GIWAXS patterns and the corresponding 
profiles in Figure 2 are corrected for pole figures.[38] Since the 
first diffraction peak position is relatively low (qz = 0.34 Å−1), the 
crystal domains size extracted from the nominal edge-on (100) 
peak width (Figure 2c) would only be marginally (≈20%) smaller 
than that for truly edge-on crystals as shown previously.[60–62]

The GISAXS was also performed on both pure DRCN5T 
films and their BHJ blends with PC71BM (Figure 2d–f and 

Figure S4, Supporting Information). The 2D scattering pat-
terns were collected on a Pilatus 1M-F pixel detector, and the 
in-plane scattering profiles versus q were obtained by inte-
grating the data from the patterns (Figure 2f) near the spec-
ular beam position (qz = 0.032 Å−1) for best intensity. In order 
to assigning the scattering peaks in GISAXS in the in-plane 
direction qy (scattering wavevector component in the in-plane 
direction), a series of as-cast and post-treated DRCN5T:PC71BM 
samples with different weight ratios varying from 1:0, 1:0.3, 
1:0.5, to 1:0.8 were measured under the same conditions.[61] 
As shown in Figure S4 (Supporting Information), the scat-
tering peak is gradually enhanced with increasing the content 
of PC71BM. Thus the broad peaks in the in-plane direction at 
qy of ≈0.012 and 0.014 Å−1 (Figure 2f) in the as-cast and post-
treated DRCN5T:PC71BM blend respectively are ascribed to 
the scattering of increasingly ordered and enhanced fullerene 
aggregates with increased mean spacing.[62,63] The relatively 
enhanced shoulder peak for the post-treated film corresponds 
to stronger phase separation of fullerenes with larger aggre-
gated PC71BM domains. These GISAXS features are largely 
consistent with the results from DF-STEM (Figure 1e,f). Using 
an ellipsoidal model (with major and minor axes of 2A and 2B), 
together with a hard-sphere structure factor form factor for the 
PC71BM aggregates,[62,63] we have fitted the GISAXS profiles 
reasonably well (Figure 2f and Figure S4, Supporting Infor-
mation). Data in the very low-q region of the profiles with a 
sharper increase in intensity are accounted for mainly by using 
the Debye–Buche correlation function with a correlation length 
ξ for very large clusters of PC71BM. The fitted parameters are 
summarized in Table 1, the ellipsoid PC71BM aggregates with 
2A = 8.5 nm and 2B = 30.9 nm in the as-cast film grow substan-
tially to 2A = 11.4 and 2B = 34.2 nm after post-treatment. Cor-
respondingly, the mean aggregate distance L is enlarged from 
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Figure 1. TEM bright-field images of the as-cast a) and post-treated b) DRCN5T:PC71BM blend films. Bright-field STEM images of the as-cast c) and 
post-treated d) DRCN5T:PC71BM blend films. Dark-field STEM images of the as-cast e) and post-treated f) DRCN5T:PC71BM blend films. AFM phase-
contrast images of the as-cast g) and post-treated h) DRCN5T:PC71BM blend films, respectively. The scale bars are 200 nm in (a–f), and 1 μm in (g–h).
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37.8 to 41.7 nm (as estimated from the fitted volume fraction of 
the aggregates). Based on the above morphology analysis from 
GIWAXS and GISAXS, it is convincing that highly crystalline 
fibrillar-type donor domains mutually dispersed with fullerene 
aggregate domains are formed after post-treatment, which 
could enhance the p-type and n-type domain connectivity and 
improve both hole and electron-transport ability across the film 
toward efficiently charge extractions.

2.3. The Number of Absorbed Photons in Two 
Different Morphologies

The two different morphologies will significantly influ-
ence their UV–vis absorption spectra, and thus the number 
of absorbed photons in the active layers. As shown in 
Figure 3a, the absorption maxima of as-cast DRCN5T:PC71BM 
(551 nm) blend with amorphous morphology exhibits a very 

large blueshift (131 nm) compared to its pristine DRCN5T 
film. It is even closer to the absorption maxima of DRCN5T in 
chloroform (531 nm),[27] while the post-treated blend film gives 
a significantly enhanced absorption coefficient with the strong 
shoulder peak at 678 nm. This is attributed to the completely 
disrupt of the crystallized DRCN5T domains by aggregated 
PC71BM clusters in the as-cast state as discussed above. Mean-
while, the crystallinity of neat DRCN5T film is significantly 
enhanced after post-treatment, which is evident from the for-
mation of the vibronic shoulder peak. This peak is reproduced 
after further post-treatment of the blended film with PC71BM. 
Then the absorption spectra of single DRCN5T molecule and 
DRCN5T-π-dimer were modeled based on theoretical calcu-
lations (Figure S5, Supporting Information), and consistent 
results with the experimental UV–vis absorption spectra 
was obtained. From single molecule to the anti-para π–π  
stacking dimer, the simulated absorption spectrum exhibits 
a very large redshift, which further confirms the importance 
of donor packing (morphology) in the active layer on their 
respected absorption properties. For the simulated absorption 
of the DRCN5T-π-dimer, the oscillator strength at 607.63 nm 
(Table S2, Supporting Information) should account for the con-
tribution from intermolecular charge transfer, which is con-
sistent with the observation of shoulder peak in the post-treated 
blend film. The interpretation also concurs with the findings 
from the photoluminescence (PL) spectra, where the PL inten-
sity for the pure DRCN5T film after post-treatment is signifi-
cantly enhanced since the nonradiative recombination through 
the interfacial traps and disorder are much reduced, while that 
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Table 1. Fitted structural parameters from the in-plane GISAXS profiles 
for the ellipsoidal aggregates in the as-cast and posttreated films of 
DRCN5T:PC71BM, including the major and minor axes 2A and 2B, the 
mean aggregate distance L deduced from the fitted volume fraction, and 
the Debye–Buche correlation length ξ.

DRCN5T:PC71BM 2A  
[nm]

2B  
[nm]

L  
[nm]

ξ  
[nm]

As-cast   8.5 ± 0.1 30.9 ± 0.2 37. 8 67.2

Posttreated 11.4 ± 0.1 34.2 ± 0.2 41.7 59.2

Figure 2. The GIWAXS patterns of the as-cast a) and post-treated b) DRCN5T:PC71BM blend films. c) The corresponding out-of-plane GIWAXS profiles 
of the as-cast and post-treated DRCN5T:PC71BM blend films. d,e) The GISAXS patterns of the as-cast d) and post-treated e) DRCN5T:PC71BM blend 
films. f) The corresponding in-plane GISAXS profiles and fittings (solid curves) of the as-cast and post-treated DRCN5T:PC71BM blend films. The very 
different GISAXS profile of a similar PEDOT:PSS layer on Si profile used for all samples is also shown for comparison.
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for the as-cast blend film (with PC71BM) is much more effi-
ciently quenched (Figure S6, Supporting Information).

The total number of absorbed photons in the real devices 
could be significantly influenced by redistributing the electric 
field due to the two different morphologies. The exciton genera-
tion rates were calculated by spatially integrating the absorbed 
photon flux density within the active layer from the distribu-
tion of incident light intensity (|E|2) inside the devices using the 
transfer matrix model (TMM) approach (Figure S7, Supporting 
Information).[64] As shown in Figure 3b, the enhanced genera-
tion of excitons after the post-treatment were mainly located 
from 600 to 800 nm, which is consistent with the enhanced 
vibronic shoulder peak in the UV–vis absorption spectra 
(Figure 3a). Thus the simulated short-circuit current density 
(Jsc,simu, assuming the internal quantum efficiency reached 
100%) increases significantly from 14.13 to 17.80 mA cm−2 for 
the as-cast and post-treated DRCN5T:PC71BM devices under 
the optimized processing conditions, respectively.

Next, to discern the influence of two different morphologies 
on the charge generation and extraction dynamics, transient 
absorption studies over the femtosecond to microsecond time-
scales were performed.

2.4. Charge Generation Dynamics of Two 
Different Morphologies

Before probing the charge carrier dynamics of the 
DRCN5T:PC71BM blends, the TA profiles and dynamics of the 
pristine DRCN5T films with or without post-treatment were 
first investigated and presented in Figure S8 (Supporting Infor-
mation). In brief, the neat DRCN5T film shows positive differ-
ential transmittance (∆T/T) signals below ≈770 nm with a sharp 
peak at ≈710 nm corresponding to the ground-state-bleaching 
(GSB) of the DRCN5T molecule due to the state-filling of the 
excited states. The broad and negative ∆T/T transient signals 
were observed in the near-infrared (NIR) region with a peak 
centered at ≈1200 nm being attributed to the dominating 

photoinduced absorption (PIA) of DRCN5T singlet EX. The TA 
profiles and exciton dynamics for the posttreated DRCN5T film 
are very similar with that of the pristine films without post-treat-
ment. This indicates that both as-cast and post-treated DRCN5T 
films exhibit very good crystallinity, which is consistent with the 
vibronic peaks signature shown in Figure 3a. However, the dif-
ferences are striking when DRCN5T is blended with PC71BM. 
Figure 4 shows the transient absorption profile spanning from 
520 to 1500 nm at varying delay times following photoexcita-
tion with 500 nm pulses, and the magnitude of ∆T/T was cor-
rected by the absorption difference of DRCN5T:PC71BM blends 
without and with post-treatment. The as-cast DRCN5T:PC71BM 
film shows a featureless GSB profile and the absence of the  
sharp GSB peak at ≈710 nm, indicating a disruption of 
the DRCN5T organization by the presence of PC71BM. Hence 
the blend is predominantly by amorphous phase. With post-
treatment, the morphology disruption by PC71BM is signifi-
cantly alleviated (see also Figure S9, Supporting Information 
for the zoom-in GSB profiles). The presence of the prominent 
sharp peak at 710 nm and the vibronic peaks reemerge, exhib-
iting the GSB profile resembles to that of the pristine DRCN5T 
film. The redshift and the appearance of vibronic shoulders in 
the GSB profile of the post-treated film are analogous to that 
of poly[3-hexylthiophene-2,5-diyl] (P3HT):PC61BM ([6,6]-phenyl-
C61-butyric acid methyl ester) after thermal annealing, which 
indicates the presence of well-ordered regions in the post-
treated DRCN5T:PC71BM film with strong interchain inter-
action as well as exciton–phonon coupling.[54,65]

In the NIR region, the signature of exciton PIA in the as-
cast DRCN5T:PC71BM film is slightly blueshifted to around 
≈1150 nm compared with that in pure DRCN5T and post-treated 
DRCN5T:PC71BM film. Additionally, the initial EX signal is 
much stronger in the post-treated DRCN5T:PC71BM film than 
that in the as-cast film, indicating that a large fraction of exci-
tons in the post-treated DRCN5T:PC71BM film are not imme-
diately split due to the formation of large crystalline domains. 
These excitons need to diffuse over a longer distance through 
the crystalline domains to reach at the interface where they 
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Figure 3. a) UV–vis absorption spectra of the neat DRCN5T films and the DRCN5T:PC71BM films before and after post-treatment. b) The enhanced 
number of absorbed photons in the DRCN5T:PC71BM blends after post-treatment as a function of depth of the active layer calculated using a 1D 
transfer matrix model. The incident light entered the device from the left of the figure (0 nm at the x-axis).
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are subsequently quenched by PC71BM. After the decay of the 
EX signal at ≈100 ps delay, a long-lived PIA peak centered at 
≈1100 nm becomes prominent. This long-lived component, 
which exists up to a few microseconds (shown later) is attrib-
uted to the polaron-induced absorption. By comparing the mag-
nitude of the polaron PIA at ≈3 ns (Figure 4c,d), we infer that 
the initial generation of free charges after 500 nm laser excita-
tion for the post-treated film is as efficient as that in the as-cast 
film. This indicates the exciton diffusion length in the post-
treated film is larger than the fibrillar domain size and they can 
be efficiently split at the interfaces. To investigate the polaron 
generation mechanisms, we extracted the dynamics at 1100 nm 
and fitted them with multiexponential function (Figure 5a). 
Apart from the lifetimes of <5 and <100 ps, which are attributed 
to EX for the PIA at 1100 nm (Table 2), we found a long-lived 
component (that extends beyond the measurement window) 
with a very slow rising constant of 1020 ± 90 ps and 920 ± 80 ps 
for the as-cast and post-treated films, respectively. Meanwhile, 
the PIA at around 750–950 nm region relaxes with a time 

constant of about 1000 ps that corresponds to the slow rise of 
polaron signals, and thus we attribute this lifetime to the decay 
of the CTSs (Figures 4c,d and 5b).[52,66] This assignment is also 
consistent with the reported spectra position of the PIA band 
due to CTSs for polymer-based OPVs.[56,66,67] The rising of the 
CTS absorption is almost instantaneously (<1 ps) after photoex-
citation for the as-cast film, indicating the fast or direct forma-
tion of the CTS at the amorphous donor:acceptor interface after 
excitation. For the post-treated film, however, we have observed 
both an instantaneous (<1 ps) and a slow (≈20 ps) formation 
of the CTS, each of which contributes ≈50% to the final signal 
(Figure S10, Supporting Information). This is consistent with 
the migration of excitons from the crystalline domain center to 
the donor:acceptor interface where CTSs are formed. In addi-
tion, the CTSs for the post-treated film exhibit much weaker 
PIA signals than that of the as-cast film, which indicates that 
the CTSs were almost totally suppressed after post-treatment.

Then the exciton diffusion efficiencies in both morphologies 
were calculated according to Equation (1)[51]
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Figure 5. a) The fs-ns transient dynamics for the as-cast and posttreated DRCN5T:PC71BM films monitored at 1100 nm. b) The fs-ns transient dynamics 
for the as-cast and posttreated DRCN5T:PC71BM films monitored at 750–950 nm regions. The solid lines represent the multiexponential fitting of 
these dynamics.

Figure 4. The fs-ns transient absorption profiles at selected delay times for the as-cast a) and post-treated b) DRCN5T:PC71BM blend films. The zoom-
in TA profile between 700 and 1200 nm region shows the evolution of CTSs and polaron bands in the as-cast c) and post-treated d) DRCN5T:PC71BM 
blend films.
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η ( )=
+
k

k k
ED

q

p q  

(1)

where kq is the dissociation rate of singlet exciton in blend film, 
kp is the deactivation rate of singlet excitons in pristine DRCN5T 
films (Table S4, Supporting Information). In the as-cast film, 
the ηED is estimated to be as high as 99%, which is almost the 
same with that after post-treatment (98%). Since the fullerene 
clusters are well dispersed in the amorphous donor matrix in 
the as-casted DRCN5T:PC71BM blend, there exist enough inter-
facial surface area and no exciton diffusion is needed, and this 
is the reason for the very efficient “exciton diffusion efficiency” 
of 99% in the as-casted blends. On the other hand, this further 
confirms that crystallized fibrillar morphology with bicontin-
uous network could also have very efficient exciton diffusion.

The presence of high density of CTSs but lower yield of 
polarons in the as-cast films implies a heavier loss of CTSs 
through geminate recombination. To quantify the loss through 
geminate recombination, one could estimate how much initial 
photoexcitation relaxes to ground state through the dynamics 
of the GSB. As shown in Figure S11 (Supporting Information), 
we have fitted the GSB dynamics within 5 ns that comprises of 
EX, CTSs, and polaron signal. It is found that the ratio between 
CTSs and polaron is 1:2.1 for the as-cast film and 1:4.5 for the 
post-treated film, respectively. This verifies that the exciton dis-
sociation efficiency (ηCD) for the as-cast film is only 68%, which 
increases significantly to 82% after post-treatment.

2.5. Charge Recombination and Extraction Dynamics 
of Two Different Morphologies

To investigate the effects of morphology on the charge recom-
bination dynamics, we have also performed TA measure-
ments over the nanosecond-microsecond (ns-μs) time regime. 
Figure 6a–c shows the ns-μs TA profiles at selected time delays 
(1, 10, and 100 ns) for these blend films. The as-cast film shows 
a much higher magnitude of CTSs signals (870–950 nm) than 
the post-treated film. This indicates that the charge carriers 
in the as-cast film prefer to form CTSs than that in the post-
treated film. A large proportion of charge carriers in the as-cast 
film are strongly bounded charge pairs rather than spatially free 

charges, and these bounded charge pairs can be easily recom-
bined via the CTSs.

The dynamics of CTSs (averaging over 870–950 nm) for both 
films are shown in Figure 7a,b. Both CTSs show weak intensity-
dependence decay, indicating that the charges located in CTSs 
are bound charge pairs, which mainly undergo rapid geminate 
recombination. In addition, the CTSs can also act as interfacial 
traps for Shockley–Read–Hall type trap-assisted recombina-
tion which is also a monomolecular process.[68–70] The polaron 
band (averaging between 1150 and 1250 nm) has a longer life-
time than the CTSs band (Figure 7c,d). Importantly, the charge 
recombination in the polaron band displays strong intensity 
dependence, which indicates this recombination is Langevin 
type trap-free bimolecular recombination. A modified bimolec-
ular recombination formula is employed to fit these dynamics 
(Figure S12, Supporting Information) 

γ= − αN

t
N N

d

d
2

 
(2)

where N is the free carrier density, γ is the prefactor of bimo-
lecular recombination, and α accounts for concentration 
dependent carrier mobility in organic materials.[52,53] The fitting 
results are listed in Table S5 (Supporting Information). The 
effective Langevin coefficient defined by 

γ γ= αNeff  (3)

for the post-treated films reaches 7.2 × 10−12 cm3 s−1, which is 
faster compared to that of the as-cast film (5.4 × 10−12 cm3 s−1). 
The increase can be attributed to the much higher carrier 
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Table 2. Summary of the decay constants extracted from the multi-
exponential fitting of the dynamics for the as-cast and post-treated 
DRCN5T:PC71BM films. The long-lived component in the 1100 nm PIA 
extends beyond our measurement window, which is simply fitted with an 
arbitrary long lifetime and termed as “Long.”

DRCN5T:PC71BM λ  
[nm]

τ1  
[ps]

τ2  
[ps]

τ3  
[ps]

As-cast 1100 3.2 ± 0.5 

(22%)

99 ± 6  

(33%)

Long (45%) Rise time: 

1017 ± 91

750–950 1040 ± 40 

(65%)

Long  

(35%)

–

Post-treated 1100 4.4 ± 0.7 

(21%)

50 ± 5  

(31%)

Long (48%) Rise time: 

918 ± 76

750–950 900 ± 80 

(55%)

Long  

(45%)

–

Figure 6. The ns-μs transient profiles for the as-cast and posttreated 
DRCN5T:PC71BM films monitored at 1 ns a), 10 ns b), and 100 ns c) delay.
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mobilities in the post-treated films. Correspondingly, the hole 
and electron mobilities in both as-cast and post-treated films 
were measured by space-charge limited current (SCLC) 
method. The hole mobility is dramatically improved from 
1.05 × 10−4 to 6.54 × 10−4 cm2 V−1 s−1 after post-treatment, 
while the electron mobility also increases significantly from 
2.88 × 10−5 to 2.53 × 10−4 cm2 V−1 s−1. Next, the charge carrier 
diffusion lengths in these two films can be estimated through 
Equation (4) (only considering the 1D transport) 

µ τ=L VD t  (4)

where μ is the carrier mobility, Vt is the thermal energy, and τ is 
the carrier lifetime. τ can be estimated by using 

γ
τ

= − = −
N

t
N N

d

d

1
eff

2

 
(5)

which is a concentration-dependent parameter. Under 1 sun 
condition, the effective charge carrier lifetimes for the as-cast 
and post-treated devices under open-circuit conditions are 
around 5 and 3 μs, respectively. This yields the electron and hole 
diffusion lengths of 19.0 and 36.2 nm in the as-cast devices, 
respectively. The diffusion lengths in the post-treated devices 
significantly improve to 43.6 and 70.0 nm for electrons and 
holes (the half thickness of the active layer is 55 nm), respec-
tively. Under short-circuit conditions, the diffusion lengths 
could be even longer owning to the much reduced charge 
carrier concentration. The longer charge diffusion length in the 
post-treated device is consistent with the improved percolation 

and high efficiency in extracting the photogenerated charges 
after post-treatment.

Based on the above fs-μs transient absorption studies, we 
speculate that the presence of higher density of CTSs and 
the heavy loss by geminate recombination and nongeminate 
recombination are the causes of the low FF and field-dependent 
J–V characteristics under operation conditions for the as-cast 
devices. The further post-treatment could generate the crystal-
lized fibrillar network, which provides the effective percolated 
pathways for both holes and electrons transport to the elec-
trodes. Such benign structure with decreased interfacial CTSs 
can reduce the geminate losses as well as the trap-assisted non-
geminate losses. This is also consistent with the light-intensity-
dependent current–voltage experiments and photocurrent den-
sity-effective voltage analyses shown in Figures S13–S15 (Sup-
porting Information).[71,72]

Now, the remaining question is to evaluate the influence 
of two different morphologies on the charge transport and 
collec tion efficiency. In order to quantitatively compare them, 
Equation (6)[51] is used to calculate these efficiencies 

η η η η η= / / /CC EQE A ED CD  (6)

where ηCC is the charge collection efficiency, ηEQE is the external 
quantum efficiency (EQE), ηA is the absorption efficiency, ηED 
is the exciton diffusion efficiency, and ηCD is the exciton dis-
sociation efficiency.

As shown in Table 3, the charge collection efficiency 
at 500 nm excitation is close to 100% in the post-treated 
DRCN5T:PC71BM device, while it is only 81% in the as-cast 
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Figure 7. Intensity-dependent CTSs dynamics for the as-cast a) and post-treated b) DRCN5T:PC71BM film monitored at 870–950 nm. Intensity-
dependent polaron dynamics for the as-cast c) and post-treated d) DRCN5T:PC71BM film monitored at 1150–1250 nm regions.
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device. This is also consistent with the longer hole and electron 
diffusion lengths as discussed above. Therefore, we conclude 
that the amorphous morphology in the lack of percolated path-
ways would generate large amount of strongly bounded charge 
transfer states. These strongly bounded CTSs could only be 
dissociated and extracted by applying very large reverse volt-
ages,[24,57–59] thus contributes to the electric field dependent J–V 
characteristics (lower FF) and poorer OPV device performances 
(Figures S1 and S12, Supporting Information). The in-depth 
work to distinguish the electric field dependent exciton disso-
ciation and charge extraction, and their relationship with mor-
phologies and device performances is now carrying out.

3. Conclusions

Using one of the best performing bulk-heterojunction type 
SM-OPV system-DRCN5T:PC71BM as a model, we have system-
atically investigated the origins of the electric field dependent/
independent J–V behaviors by discerning the complex interplay 
between the active layer morphology and excited state dynamics, 
and correlating with the device performance. The amorphous 
morphology in the lack of percolated pathways promotes the 
formation of the strongly bounded CTSs, which predominantly 
undergo the geminate recombination or function as interfacial 
traps that facilitate the nongeminate recombination of charge 
carriers. These strongly bounded CTSs could only be dissoci-
ated and extracted by applying very large reverse voltages, thus 
giving rise to the electric field dependent J–V characteristics. On 
the other hand, these CTSs are almost completely diminished 
owning to the formation of the bicontinuous network with crys-
tallized fibrillar morphology after post-treatment, which acts as 
“highways” for the effective exciton diffusion to the interfaces 
and subsequent dissociation. Then the separated charges are 
transported and extracted by the built-in potential with almost 
100% efficiency, which is consistent with the longer and ambi-
polar diffusion lengths found in the post-treated system. The 
ratio between the CTSs and polaron populations are 1:2.1 and 
1:4.5 for the as-cast and post-treated films, respectively, which 
demonstrates the exciton dissociation efficiency increases sig-
nificantly from ≈68% for the as-cast film to ≈82% after post-
treatment. The results gained in this work provide new insights 
to investigate the origin of different J–V behaviors for bulk-
heterojunction organic solar cells from morphology aspects and 
excited state dynamics, which could be directly employed to 
guide the further optimization of the performance of SM-OPVs 
through judicious morphology control and engineering.

4. Experimental Section
Materials Preparation: All reactions and manipulations were carried 

out under an argon atmosphere using standard Schlenk techniques. 
PC71BM was purchased from American Dye Source, Inc. DRCN5T was 
synthesized using our previously reported method.[27]

Device Fabrication and Characterization: The conventional devices were 
fabricated with the structure: glass/Indium Tin oxide (ITO)/poly[3,4-eth
ylenedioxythiophene]:poly[styrenesulfonate] (PEDOT:PSS)/DRCN5T:PC71 
BM/poly[(9,9-bis(3′-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-
(9,9-dioctylfluorene)] (PFN)/Al. The ITO-coated glass substrates were 
cleaned by ultrasonic treatment in detergent, deionized water (DI), 
acetone, and isopropyl alcohol for 15 min each and subsequently dried 
by blowing nitrogen. A thin layer of PEDOT:PSS (Baytron P VP AI 4083, 
filtered at 0.45 μm) was spin coated (3000 rpm, ≈40 nm thick) onto an 
ITO surface. After being baked at 150 °C for 20 min, the substrates were 
transferred into an argon-filled glove box. Subsequently, the active layer 
was spin casted from blend ratios (w/w, 1:0.8) of DRCN5T (10 mg mL−1) 
and PC71BM in a chloroform solution at 1700 rpm for 20 s on the ITO/
PEDOT:PSS substrate. Then thermal annealing was performed at 120 °C 
for 10 min, and solvent vapor annealing in chloroform environment for 
60 s. Finally, a thin layer of PFN from its methanol solution was spin 
coated onto the active layer and 60 nm Al layer was deposited on the 
active layer under high vacuum (<1.5 × 10−4 Pa).

The effective area of each cell was about 4 mm2 defined by masks. 
The thickness of the active layer (≈110 nm) was measured using a 
Dektak 150 profilometer. Atomic force microscope (AFM) investigation 
was performed using Bruker MultiMode 8 in “tapping” mode.

The current density–voltage (J–V) curves of the photovoltaic devices 
were obtained by using a Keithley 2400 source-measure unit. The 
photocurrent was measured under illumination simulated 100 mW cm−2 
(AM 1.5G) irradiation using a xenon-lamp-based solar simulator [Oriel 
96000 (AM 1.5G)] in an argon-filled glove box. The irradiance was 
calibrated using a certified silicon diode.

EQE values of the encapsulated devices were measured using a 
lock-in amplifier (SR810, Stanford Research Systems). The devices were 
illuminated by monochromatic light from a 150 W xenon lamp passing 
through an optical chopper and a monochromator. Photon flux was 
determined by a calibrated standard silicon photodiode.

Mobility measurements of DRCN5T/PC71BM (w:w, 1:0.8) blend films 
with and without post-treatment were carried out with the following 
diode structures: ITO/PEDOT:PSS/active layer/Au for hole and Al/active 
layer/Al for electron by taking current–voltage curve in the range of 0–7 V. 
The charge carrier mobilities were calculated using the SCLC[73] model 

ε ε µ β=






9
8

exp 0.890 0
2

3J
V

L
V
L

r

 
(7)

where J is the current density, L is the film thickness of the active layer, μh 
is the hole mobility, εr is the relative dielectric constant of the transport 
medium, ε0 is the permittivity of free space (8.85 × 10−12 F m−1), V 
(= Vappl − Vbi) is the internal voltage in the device, where Vappl is the 
applied voltage to the device and Vbi is the built-in voltage due to the 
relative work function difference of the two electrodes.

Theoretical Calculation: The molecular structures the single DRCN5T 
molecule and anti-para π–π stacking dimer were optimized by density 
functional theory calculations at the level of wB97XD/6-31G*,[74] and the 
frequency analysis was followed to assure that the optimized structures 
were stable states. To simplify the calculations, the octyl groups in 
the oligothiophene donors were replaced by simpler ethyl groups. 
The S0→Sn transitions were calculated by using Zerner’s intermediate 
neglect of differential overlap (ZINDO) level of theory based on the 
optimized structures. All theoretical calculations were carried out by 
using the Gaussian 09 package.[75]

Optical Simulations: The optical simulation was modeled using a 
TMM, the matrix laboratory (MATLAB) program is available online 
at http://mcgeheegroup.stanford.edu/transfermatrix. The 1D spatial 
distribution of normalized incident light intensity (|E|2) inside the devices 
was calculated by means of an optical TMM approach. The spatial 
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Table 3. Summary of the efficiency of each fundamental photovoltaic 
conversion processes in DRCN5T:PC71BM-based solar cells with two dif-
ferent morphologies.

ηA  
[%]a)

ηED  
[%]

ηCD  
[%]

ηCC  
[%]

EQE  
[%]b)

As-cast 82 99 68 81 44

Post-treated 85 98 82 100 68

a)The absorption efficiency at 500 nm from optical simulation (Figure S7, Sup-
porting Information); b)The EQE at 500 nm (Figure S16, Supporting Information).
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distribution of the absorbed photon flux density could then be calculated 
by integrating single-wavelength |E|2 with an AM 1.5G spectrum from 
300 to 800 nm. Finally, the theoretical maximum Jsc for a device under 
AM 1.5G illumination was determined by spatially integrating the 
absorbed photon flux density within the active layer, assuming 100% 
internal quantum efficiency for all wavelengths.

Light Intensity Experiment: In order to investigate the dependence of 
Jsc on the light intensity, the intensity of the light was modulated with a 
series of two neutral density filters wheels of six filters apiece, allowing 
for up to 17 steps to adjust the intensity from 100 to 5 mW cm−2.

TEM and STEM: The active layers were immersed in DI water for 
exfoliation and then transferred to a Cu foil for image recording. The TEM 
and STEM (FEI Talos F200X TEM) was operated at 200 keV, with gun lens 
of 3.6 and TEM spot size of 9. TEM bright-field images were obtained 
by FEI Talos F200X TEM, which equipped with the beam-blank function.

GIWAXS/GISAXS: For GIWAXS/GISAXS measurements, the active 
layers were spin casted on silicon wafers with precoated PEDOT:PSS, 
and then were selectively subject to the similar post-treatment as that 
for the device film. GIWAXS/GISAXS measurements were performed at 
the 23A Small and Wide Angle X-ray Scattering (SWAXS) Endstation of 
the National Synchrotron Radiation Research Center (NSRRC) in Taiwan, 
using a complementary metal oxide semiconductor (CMOS) flat-panel 
C10158DK-3957(X) area detector for GIWAXS and a Pilatus 1M-F area 
detector for GISAXS.[76] With the sample surface defined in the x-y 
plane and the incident X-rays in the x-z plane, the scattering wavevector 
transfer q = (qx, qy, qz) can be decomposed into three orthogonal 
components of πλ β φ α= −−2 ( )1q cos cos cosx , πλ β φ= −2 (cos sin )1qy ,  
and πλ α β= +−2 (sin sin )1qz , where α and β stand for the incident 
and exit angles and φ for the scattering angle away from the y-z plane; 
λ is the wavelength of the X-rays. The 10 keV X-ray beam of 0.2 mm 
diameter was used with a sample incident angle 0.2°; the sample-to-
detector distances were 5.0 m (covering the q-region 0.003–0.16 Å−1) 
and 26 cm for GIWAXS (0.2–2.5 Å−1). All the GISAXS data presented 
were subtracted with the scattering from a similar PEDOT:PSS film on Si 
wafer measured under the same conditions.

Transient Absorption Spectroscopy: Transient absorption measurements 
were performed using commercial Helios and EOS setups (Ultrafast 
Systems LLC). The films were measured under an inert atmosphere to 
avoid oxidation and degradation. The transient dynamics in the fs-ns 
time region (50 fs–5 ns) were acquired by Helios, which works in a 
nondegenerate pump–probe configuration. The pump pulses (500 nm) 
were generated from an optical parametric amplifier (Coherent OPerA 
Solo) that was pumped by a 1 kHz regenerative amplifier (Coherent 
Libra, 800 nm, 50 fs, 4 mJ). A mode-lock Ti-sapphire oscillator (Coherent 
Vitesse, 80 MHz) was used for the seeding. The probe pulses were a 
white light continuum generated by passing the 800 nm fs pulses 
through either a 2 mm sapphire plate for visible part (400–800 nm) or a 
1 cm sapphire plate for NIR part (800–1600 nm). The transient dynamics 
in the ns-μs region (1 ns–5 μs) were acquired by EOS. The pump beam 
was the same with that used in Helios. The probe beam EOS was a 
white continuum generated from a photonic fiber using a Neodymium 
doped Yttrium Aluminum Garnet (Nd:YAG) laser (1064 nm).  
The probe light was collected using a CMOS sensor for UV–vis part and 
InGaAs diode array sensor for NIR part. To reduce the noise due to laser 
fluctuations, another similar sensor was used to collect the probe light 
before the sample to be used as a reference.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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